Working at high RF power leads gallium nitride (GaN) high electron mobility transistors (HEMT) to self-heating that poses a limit to device performances and reliability. Thermal characterization is therefore of great value for proper design of heat dissipation and also for device reliability studies. The peak power dissipation in HEMT devices is located in the channel near the gate edge, which is typically buried under a field plate. This hot spot is thus inaccessible to direct temperature measurement. Therefore, any method used for temperature measurement has to be augmented by a thermal simulation to calculate the actual temperature in the channel from temperature measured elsewhere. In this work, we used thermal imaging to measure temperature during device operation in various pulsed RF conditions. To obtain the hot spot temperature, we developed a thermal simulation of AlGaN/GaN HEMT transistor on SiC substrate. The simulation estimates the channel temperature using 3D finite element method with multi-parameter input. To calibrate the simulation, we compared simulation results with IR images of a 2 mm AlGaN/GaN HEMT transistor operating at various pulsed RF conditions. The simulation is typically slow. In this work, we used the calibrated simulation to study the hot spot temperature as a function of the working conditions and formulated an approximated equation for the thermal behavior of the transistor as a function of power dissipation, base plate temperature, pulse width, and pulse duty cycle that may be used to estimate the channel temperature in real time.
Introduction
GaN HEMT transistors grown on SiC substrates are receiving much attention due to their high performance in producing high RF power at microwave frequencies. This makes them a promising technological solution for many civil and military applications [1] [2] [3] . Features such as high sheet charge density at the two-dimensional electron gas hetero-interface [4] , high saturation velocity, high electron mobility, and high critical field for breakdown [5] , enable GaN HEMT devices to reach high currents and high operating voltages, leading to their remarkable capability of handling high RF power. Unfortunately, the high power density in the AlGaN/GaN HEMT leads to self-heating which may be detrimental to transistor performance and reliability [6, 7] . An important figure of merit for reliability of HEMT is the device mean-time-to-failure (MTTF). MTTF is typically predicted by correlating channel temperature with a thermal Arrhenius model [8] . Hence, to calculate the correct MTTF, one is required to know the channel temperature. However, a direct measurement of the hot spot above the channel near the gate edge where the electric field reaches its maximum [9] [10] [11] [12] , is not possible, because this point is concealed by the field plate [5] . Therefore, the only way to obtain this temperature is to estimate it using thermal simulations. This estimation requires a thermal model calibrated using a temperature measured elsewhere. Several works on measuring temperature in AlGaN/GaN HEMT devices in DC or DC pulse mode [9, 10, 13, 14] , and RF mode [15] , have been reported. This study was inspired by the work of Baczkowski et al [15] . In their model, the temperature is derived from the dissipated power alone. However, we were interested in pulsed RF conditions where the pulse characteristic parameters have a critical role in defining the temperature. Hence, we had to add in this study the influence of pulse width and pulse duty cycle producing a multiple input simulation. Our temperature characterization was carried out using an infrared microscope over a range of RF conditions at pulse mode and the results were compared with the results of a finite element analysis (FEA) using the Comsol software. The measurements were used to calibrate the thermal simulation model of AlGaN/GaN HEMT over a wide range of RF conditions, and the calibrated thermal simulation was then used to study the dynamics of the hot spot temperature and develop a model for the thermal behavior of the hot spot.
We note that there exist alternative ways to assess the temperature other than IR imaging. These include, for example, microRaman, gate resistance, and thermoreflectance [16] . In order to work at true RF conditions and measure several devices to gain statistics, we had to work on the complete wafer and operate the devices using probes. Under pulse RF conditions, the planar position of the probes is critical to maintain the correct phase. Hence, it was not possible to flip the wafer over and access its back side, e.g., to carry out back side Raman measurements. To carry out the gate resistance method would require working in short enough pulses to avoid self-heating, but this would not allow measuring under the real operating conditions of the device. On the other hand, IR imaging could certainly be replaced by thermoreflectance, which is by far the most accurate and high resolution method for measuring electronic device temperature today and this would certainly improve the accuracy and reduce the uncertainties of the measurement. However in principle, the method we present would not change. It will only have a more accurate calibration.
Experimental details

Device structure
The AlGaN/GaN structure was grown on a SiC substrate by metal-organic chemical vapor deposition (MOCVD). The device fabrication included isolation by ion implantation, Ti/Al Ohmic contacts, SiN passivation, T-gate formation, and thick transmission lines using air bridge technology. This was followed by a back side process to thin down the substrate to 100 μm, and plating of the back side with Au. The device studied in this paper had 10 gate-fingers and the width of each finger was 200 μm and length 0.25 μm. The drain-source distance was 5 μm. Each gate was totally covered by a field plate. The wafer placed onto a temperature controlled 8 inch chuck with a temperature accuracy of ±1°C. Temperature measurements and load-pull measurements were carried out directly on the (non-diced) wafer so no assembly was actually required. On the other hand, since the measurements are carried out using probes, it is not possible to flip the wafer over and measure from its back side, i.e., this setup does not allow front to back measurements, as those required, for example, in the Raman method in order to probe under the field plate (e.g., as in [17] ).
Electrical characterization
Electrical characterization was carried out using a load-pull system (vector network analyzer based load-pull system from Amcad Engineering) [18, 19] . The frequency for the load-pull measurement was 3.5 GHz. The RF power sweep was carried out in deep class AB (I DS =200 mA V DS =30 V), and all devices were matched for maximum output power impedance. During the infrared microscope imaging, the devices were operated in pulse mode. Imaging was carried out in these 4 specific combinations of pulse width and duty cycle: 10 μs/10%, 100 μs/10%, 100 μs/20% and 300 μs/20%. Before infrared imaging, the devices were characterized in RF pulse mode (at a pulse width of 100 μs and duty cycle 10%), the frequency was 3.5 GHz at maximum output power impedance, and the device was biased at V DS =30 V I DS =200 mA. All measurements (current and power) were carried out while the pulse was on (150 measurements per pulse). As the purpose of this method was to evaluate the transistor thermal parameters in the typical working conditions of the specific device, where the pulses are typically long, self-heating cannot be avoided, and therefore, gate resistance measurement were not an option.
Infrared thermography
Infrared thermography measures temperature by measuring the intensity of infrared radiation which is relative to the object temperature. To this end, we used an infrared microscope (Quantum Focus Instruments Corp.). Using this instrument, one can acquire 2D thermal maps of microelectronics devices [20] [21] [22] . Infrared thermography is based on Planck's law of black body radiation [23] . However, Planck's law was derived for a black body, a perfect absorber material that does not reflect or transmit any light. For materials that are not a perfect black body, a correction has to be made, which is called the emissivity, ε. Emissivity, ε, is the ratio of the actual material radiance to that of a perfect black body as predicted by Planck's law for the same temperature and wavelength.
Our thermal images were acquired at the wavelength range of 3-5 μm. In all measurements a 12× infrared (IR) objective (N.A=0.85) was used and a single element InSb detector which dimensions were 250 μm×250 μm and its spatial resolution was 20.8 μm. The temperature was measured during load-pull measurements in the various conditions using a load-pull setup under the IR microscope.
The wafer was placed onto a thermal chuck and infrared imaging of the surface was carried out. To calibrate the infrared microscope, one has to measure the intensity of infrared radiation of the investigated part of a non-biased device heated to a known temperature (in our case 150°C and 170°C) measured using a thermocouple.
From this measurement, emissivity can be calculated for each pixel. The resulting emissivity map is then used to compute the temperature from the raw-infrared intensity-data of the powered device [21] . Another emissivity that had to be taken into account is the changing emissivity of the electronic circuit of the infrared microscope itself [21] . Following this calibration, thermal scans at different dissipated power levels of AlGaN/GaN HEMT were acquired. Figure 1 shows a typical thermal map of a device operated in CW. Note that in this work, we have characterized the device under pulse RF operating conditions and not CW. This figure is given only to illustrate the thermal emission from the device.
For thermography in RF pulse mode, the devices were biased at 30 V and I DS =200 mA at the various RF pulse conditions. All RF measurements were carried out at a frequency of 3.5 GHz at maximum output power impedance, and dissipated power sweep was performed from 5 to 8 W. The base plate temperatures at the infrared microscope chuck during these temperature measurements was maintained at 150°C or 170°C.
Temperature measurements in pulse mode were carried out while the pulse was on, and they were later compared with simulated temperature that was also sampled when the pulse was on.
Thermal simulation
A 3D thermal model was constructed to simulate the temperature as a function of position within the volume of the transistor. There are several alternative methods to perform a thermal simulation. In this work, we used the finite element method (FEM). In this method, the volume of the simulated part is viewed as subdivided into a finite number of elements, each having its own thermal properties. In our simulation, we used 731 803 tetrahedron-shaped elements. For each such element, each of the following thermal equations has to be solved separately:
where ρ is the mass density, C P is the heat capacity at a constant pressure, k is the thermal conductivity, T is the temperature, and Q is the heat flux. Our thermal model was created using Comsol-a commercial FEM software [24] . Most of the thermal properties, including temperature dependent properties (thermal conductivity, density, and heat capacity at constant pressure) of the various materials used in the simulation were those available in the Comsol database. Heat capacity and thermal conductivity of SiC were taken from Nilsson et al [25] . The device structure and the targeted area for infrared thermography are shown in figure 2 . An important part that was added to the simulated structure is the air-gap between the device and the microscope plate. The microscope plate was grooved with very shallow grooves that contain air. We simulated them using a uniform layer of air. The thickness of that air-gap was used to calibrate the simulation result to fit the measured temperature. Figure 3 shows a drawing of the on-projection of the simulated device and the position of the imaged and simulated pixel. The heat source was defined all over the cross-section area of the channel using the following equation: Figure 1 . Thermal image of a typical HEMT device taken using the InSb 512×512 detector. Total imaged area is 3.7 mm by 3.7 mm. The thermal measurements in this work were not carried out by this image sensor, but rather by a single element detector. Schematic structure of the device layers and the air-gap between the device and the microscope stage used for the thermal simulation. For clarity, the device is drawn without the field plate.
where #G is the number of gates in the device, w and h, are the channel cross-section dimensions, and l is the length of the heat source, starting at the drain-side of the gate and extending to a distance l towards the source. The dimension l was a region within which the electric field exceeded a threshold value and was obtained from ATLAS/Blaze (SILVACO) simulation of the electric field [9] [10] [11] [12] . An1(t) is a pulse function which equals 1 when the pulse is on. The thermal resistance of the interface between GaN and the SiC substrate has been reported to be negligible [26] .
Thermal model for surface pixel
To evaluate the performance of the simulation, we compared the calculated and the measured temperatures on the same surface spot under different operating conditions of the device and adjusted the air-gap to obtain the closest match between simulated and measured temperature. To evaluate the result, we present each of these temperatures (the calculated and the measured) as a function of the operating parameters. This data was eventually fitted using the commercial statistical software JMP [27] to obtain empirical functions that calculate the temperatures from the given operating conditions of the device. Two functions were generated to describe the simulated and the measured temperatures as functions of the four operating parameters:
where T Sim is the simulated temperature as a function of the pulse width, PW, pulse duty cycle, D, dissipated power in Figure 4 shows the performance characteristics of the device chosen for this study. Output power, gain, and power added efficiency (PAE) are shown as a function of the input power. The inset shows an optical image of the device. On-projection of the simulated device showing the device finger structure, the green rectangle is the area of the surface pixel for which the temperature is calculated. The calculated temperature is then compared to temperature obtained from the IR image pixel of the same position and area. For clarity, the device is drawn without the field plate. Performance characteristics of the device chosen for this study. Output power, gain, and power added efficiency (PAE) are shown as a function of the input power. The inset shows an optical image of the device. Room temperature measurements were carried out at pulse mode (pulse width 100 ms and pulse duty cycle 10%) at 3.5 GHz. The device was biased at V DS =30 V and I DS =200 mA.
Results and discussion
Device performance
The figures show the goodness of the simulation and how close it can predict the measured temperatures.
So far, we have presented a method by which we measure the surface pixel temperature and a method by which we simulate the same temperature. We then used the measured temperature to calibrate the simulation. Once the simulation is calibrated properly, we can use it to predict the temperature at the channel by entering the channel coordinates instead of the surface pixel coordinates. However, we first need to evaluate the goodness of our model functions for the surface pixel. To this end, we will now compare the results of the model functions with measured temperatures. Figure 6 compares measured and model-calculated temperatures at various pulse mode conditions. The best correlation is when y=x. As can be seen, most of the data points fall close to that line. The correlation calculated for this plot was R 2 =0.94. The actual T Sim function has five-dimensions and therefore cannot be drawn on a 2D graph. Figure 7 shows a correlation of R 2 =0.90 between data from direct temperature measurement of the surface pixel and the function that fits these data, T , Meas which testifies for a fairly good fit.
Channel temperature model
Once our simulation was calibrated using the IR microscopy imaging for the pulse mode, we could use the simulation to explore the dependence of the channel temperature, which cannot be measured, on the various operation parameters of the transistor. Figure 8 shows the (simulated) channel temperature as a function of the dissipated power, P D , for base plate temperatures of 150°C and 170°C. Since the simulation uses intensive calculations, it is slow and is not practical for use in real time application such as a reliability machine as part of reliability tests. To produce a faster means to obtain a simulated value of the channel temperature, we used the commercial statistical software JMP [24] to fit the data calculated using the simulation in order to obtain an expression that can produce the results in real time. Within the limits of the parameter space chosen for this study, we found that the channel temperature of the device studied can be predicted reliably by the fairly simple expression: 20%.
The goodness of the fit is shown in figure 9 that shows the results of the thermal model as a function of their fit, as given in equation (6) . The correlation coefficient calculated for figure 9 is R 2 =0.96. This means that, under pulse mode conditions, equation (6) provides a reliable description of the channel temperature. Equation (6) is a linear approximation of the relations between the four input parameters and the channel temperature. Other methods to obtain the same, such as lumped circuit models of thermal impedances, are unlikely to provide better accuracy within the limits of the parameter range studied here, because within the studied range and the observed uncertainties, the observed behavior is very close to linear [28] . Furthermore, thermal impedances have been used to describe the relation between temperature and the dissipated power. However, our model takes into account several more input parameters, such as the pulse width and duty cycle which do not simply relate to the temperature via thermal impedances.
Conclusion
In this work, we developed and calibrated a thermal simulation for a specific GaN HEMT device, which takes into account parameters, such as base plate temperature, pulse width and pulse duty cycle, in addition to the dissipated power, to simulate the highest temperature developed in the device. Adding these parameters provides a more complete and accurate simulation than ever before. We used the simulation to study the thermal behavior of the device within the relevant parameter space and to obtain an equation that describes the hot spot temperature as a function of all these studied parameters. The resulting equation provides an important experimental handle in the study of the optimal working point, for identifying the thermal limits in the parameter space, and to provide a better understanding of the device performance at various working conditions. The resulting equation also provides a tool for the designer of a heat-sink for a transmitter/receiver RF module. It also provides a means for a fast estimate that is more suitable to the requirements of reliability machines and thus allows to characterize the reliability and lifetime of the device. Simulated channel temperature at various conditions in pulse mode shown as a function of the temperature calculated by its fitting function (equation (6)). The red line shows were the perfect correlation of R 2 =1.0 would be. The correlation coefficient is found to be R 2 =0.96. The actual function has five-dimensions and cannot be drawn on a 2D graph.
